The abrasion resistance of the impellers depends on the characteristics of the materials used in their manufacture. In this work, a methodology is proposed for the evaluation of the abrasive wear of the plates of the centrifugal pump impellers, used in the gross water infrastructure station (GWIS) of sedimentary rivers, due to the sediment load variation and the river fluviometric dimension. In order to determine the wear mode and the relationship of the material-specific wear coefficient (K), due to the sediment concentration, a rotating ball abrasometer test was performed on SAE 8620, gray cast iron (GCI), and nodular cast iron (NCI), used in the manufacture of impellers. As an abrasive suspension, the concentrations of 1, 2, 3, 5, and 10 g L À1 of sediment were used in distilled water. The wear volume as a function of the relative velocity of the mixture in relation to the impeller blades was estimated mathematically. The results show that: i) The abrasive capacity of the sediments in different concentrations; ii) SAE 8620 steel was more resistant to abrasive wear; and iii) the rotational control of the pump as a function of sediment concentration and river level showed the possibility of reducing wear by 30%.
Introduction
Gross water elevation stations (GWES), installed in rivers of sedimentary basins, suffer from impeller wear due to the abrasive drag of the sediment load that descends through rivers throughout the year. To understand this process, we analyzed the abrasive wear caused by the sediments in three metal alloys used in the manufacture of centrifugal pump impellers for QWES.
In this study, the sediment concentration variation from 38 to 840 mg L À1 of Acre River was considered [1] . In recent work, in which the particle size of the particles pumped by GWES was analyzed, a higher concentration of particles was found between 50 and 100 μm [2] .
The abrasive effects of the sediments may cause furrows on the surfaces of the impellers due to the impact of the particles, increasing the distortion of the grooves due to the increase of the particle diameter [3] .
In view of these issues, it was necessary to study the regions of greatest vulnerability to wear, as well as to analyze the evolution of the wear, due to the variation of the sediment concentration at the time, the speed of rotation, variation of the head (ΔH) and of the material used in the manufacture of the rotors.
Abrasive wear mechanism
The mechanisms of abrasive wear are part of the tribological studies that study the interactions of surfaces in relative movement [4] . Such interaction takes into account friction, wear, and lubrication, in view of the economic, scientific, and technological interest in minimizing wear and tear (Figure 1) .
The relationship of friction and wear will depend on the properties and shape of the surface of the material, as well as on the characteristics of the abrasive agent such as the size, shape, and hardness of the particles [5] .
According to ASTM G40 [6] , wear is the progressive loss of matter from the surface of a solid body due to contact and relative movement with another solid, liquid, or gaseous body. The standard DIN 50320 [7] presents a similar definition and highlights four types of wear mechanisms, among which the abrasive wear ( Figure 2) .
The abrasive wear volume can be calculated by the equation given by Archard and Hirst [8] , which is directly proportional to the normal load and the relative movement distance and inversely proportional to the hardness of the material (Eq. 1).
Wear can also be determined by trials in tribosystems, where parameters such as surface properties, chemical composition of the material, slip distance, velocity, and applied load are considered for a better understanding of the wear mechanisms [9, 10] .
In pumping systems, wear is the result of the friction that occurs between the continuous water stream and the surface of the impeller blades, in a purely mechanical process [11] , classified as hydroabrasive wear.
On the surface of the impeller blades, the microcut can occur due to the multiple impacts of the abrasive particles, being evident that the surface wear intensity depends mainly on the kinetic energy of the particles carried by the flow [12] .
Methodology
Considering that there are several manufacturers and models of pumps that can work in GWES and the difficulties of acquiring the projects of the appropriate manufacturers, it was decided to carry out this study based on a project impeller. In order to do so, the algorithms developed by Palomino [13] , which correlate the main design characteristics of a centrifugal pump impeller, as a function of flow rate (Q), manometric height (H), and rotation of the motor pump system, that is, as a function of the specific rotation (nq), given by Eq. (2).
This algorithm takes into account the sequence proposed in Chapters 4-6, 8, and 10-12 of the book by Macintyre [14] , allowing for a quick determination of an impeller designs (Eq. Average speed at the impeller inlet v 0
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To better demonstrate, it is important to understand the velocity triangles considered in the pumping process [13, 14] . Carvalho [15] reports that knowing these speeds is critical to any flow machine design (hydraulic turbines, gas turbines, fans, rotary compressors, hydraulic pumps, etc.).
Finally, the algorithm provides the constructive characteristics that were used to calculate the forces acting on the impeller blades. Based on the rotation variation of the impeller of 100, 95, 90, 85, and 80%, maintaining the specific rotation (nq) and flow (Q) constant, it was possible to calculate the variation of the rotation of the impeller [9] .
Determination of forces on impeller blades
Based on the constructive characteristics of the impeller, the length of the blade was determined, which, in turn, was divided into five sections to determine the acting forces ( Figure 3 ).
Based on the velocity fields that occur in each section of the impeller blade, the abrasive drag forces occurring on the blade surface were determined. According to Fox [16], drag is the component of force on a body that acts parallel to the direction of relative motion and can be written as presented in Eq. (30) .
Considering that the flow is initially laminar and in the course of the flow area, it becomes turbulent, the drag coefficient can be calculated by Eq. (31) .
Re 0:2 ðÞ À 1740 Re (31) Fox [16] also reports that in the case of "5 Â 10 5 < Re < 10 9 ", the same adjustment performed in Eq. (31) can be applied to Eq. (32) given by Schlichting in 1979, obtaining Eq. (33):
Staying like this:
The Reynolds number (Re) is a relation between forces of inertia and viscous force, which can be expressed according to Eq. (34):
Tests of resistance to abrasive wear
In this test, the sample was pressed by loading an inoperative weight against a rotating steel ball. The abrasive slurry was dripped onto the wear interface. After the sphere travels through a previously established distance, called a running distance, a circular depression or crater of wear occurs on the surface of the sample [9, 10, [17] [18] [19] [20] [21] . Figure 4 shows a schematic diagram of the microabrasion test device.
The equations for calculating the wear coefficient from the volume of material removed in tests with spherical body were initially established by Kassman et al. [22] . Rutherford and Hutchings [23] generalized these equations for the case of flat and curved samples and for calculating the coefficient of wear of films independently of the substrate.
After the wear tests, the simplest technique for the calculation of the wear coefficient is based on the reading of the average diameter of the crater formed by the wear followed by the application of Eqs. (35)-(37) presented below [9, 10, 17, 18, 20, 21] . The diameter measurement should be performed by scanning electron microscope (SEM).
Studies suggest the application of the following test parameters: 25.4 mm diameter test sphere made of SAE 52100 steel; rotation of 100 rpm; duration of 23 minutes for each trial; scroll distance of 180 m; and FN = 3 N [9, 10].
Acquisition and preparation of analyzed samples
Of the three types of materials used in impeller manufacture ( Figure 5 ), only nodular cast iron (NCI) was removed from a genuine impeller of a Flygt pump. The other samples were acquired in bar format with specifications similar to those used in the manufacture of impellers.
The samples were sanded, polished, and cleaned. For this work, the technique of manual sanding was chosen, where the samples were sanded with granulometry ranging from 100# to 1200#, changing the direction by 90°in each change of sandpaper, being careful to change the sandpaper only when the traces of the previous sandpaper did not appear ( Figure 6 ) [24] .
After sanding, the samples were subjected to a 1-μm alumina polishing procedure at a concentration of 10%, followed by polishing with a 1-μm diamond paste and 0.25 μm for a nonmarking surface finish (Figure 7) .
The samples were then washed in tap water to remove traces of the abrasives, followed by the application of ethyl alcohol to facilitate drying.
Preparation of abrasives
Each sediment sample was shaken with distilled water for homogenization in five different concentrations 0.1, 0.2, 0.3, 0.5, and 1.0% (1, 2, 3, 5, and 10 g L À1 , respectively) ( Figure 8) .
To compare the abrasiveness of the sediments and the abrasive wear resistance of test bodies, a 1% concentration (10 g L À1 ) abrasive suspension of silicon carbide (SiC) was also prepared (Figure 9 ). This procedure allows to record a reference abrasiveness caused by the sediment used in comparison of a standard abrasive, commonly used in other tests [9, 10] . Methodology for Abrasive Wear Evaluation in Elevator Stage Centrifugal Pump Impellers DOI: http://dx.doi.org /10.5772/intechopen.83794 To obtain the granulometric distribution of sediment particles, the combined analysis of the sedimentation and sieving method was used [25].
Impulse wear estimate
The estimated wear of the impeller blades was predicted based on the modified Archard equation [20] , where the coefficient of wear (k) presented in Eq. (1) is a dimensionless constant that is divided by the hardness of the worn material (H) and that the K displayed in Eq. (37) refers to a specific wear coefficient for a material as a function of an abrasive, allowing the following adjustment (Eq. 38) [9, 10] :
Considering the relative velocity of the mixture (water + sediment) passing through a certain area of the impeller blade, a relative distance (S) was estimated according to Eq. (39) [9, 10] . The FN force considered in this analysis was calculated from Eq. (30) of the drag force occurring in a particular section of the blade.
Based on the variation of the Acre River account [26] , which changes manometer height (H) of the GWES, wear was determined as a function of the variation of the pump rotation in 100, 95, 90, 85, and 80%, due to the variation of the head (ΔH), maintaining the volume of water pumped. The reduction of the FD due to the reduction of the relative speed (w), due to the reduction of the rotation of the pump, to estimate the variation of the wear of the impeller blades due to the variation of the sediment load and the Acre river quota was observed.
Results and discussion

Impeller characteristics
To determine the characteristics of the impeller, consideration was given to the need of GWES of the water treatment station II (WTS II), which works with pumps with flow of 1080 m 3 h À1 (300 L s À1 ) driven by an electric motor with rotation of 1180 rpm and a head of 25 m (considering hydraulic losses). The results can be seen in Table 1 and Figure 10 .
Based on Table 1 , the propeller length of 140.2 and 7 mm thickness was determined ( Figure 10A and B) . The impeller blade has been divided into five sections to determine the abrasive drag forces ( Figure 10C) , which vary from inlet to outlet inlet.
Then, five conditions were simulated, where the flow (Q), the specific rotation (nq), was maintained to relate the rotation (n) of the pump (80, 85, 90, 95 and 100% of 1180 rpm), as a function of the variation of the head (ΔH) Acre (Figure 11 ). Table 1 .
Constructive characteristics calculated. Figure 10 .
Determination of the five sections of the impeller blade to determine the abrasive drag forces on the blade surface.
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Determination of forces applied to impeller blades
As shown in Figure 10 and applying Eq. (30) and the variation of the relative speed (w) shown in Figure 11 , the abrasive drag force (FD), which varies as a function of the impeller radius in each section of the sheet, is calculated. In this way, it can be observed that the FD is larger in Section 2, with a tendency to decrease toward the exit of the impeller blades (Figure 12 ).
Analysis of the erosive sediments of Acre River
The particles pumped by the impellers may show differences of granulometry and concentration due to the effect of turbulence at the entrance of the uptake ducts of said elevation stations, due to the slight dredging effect. In the case of the samples collected in the desanding tank, after the pumping, they presented a concentration of 60% of the sediment load with granulometry varying from 0.075 to 0.420 mm, with 1.36% having a granulometry greater than 0.420 mm and the remaining 40.35% with particle size below 0.075 mm diameter D50 of 0.097 mm (Figure 13) . The sediments presented granulometric classification of very fine to fine sand [27] or simply sand [28] . According to visual interpretation, sediment grains are classified as semiround to semiround, characteristic of young and sandy soils. These characteristics indicate a high abrasive power due to the sharp tips and the large quantity of quartz grains with a hardness of 4-6 on the Mohs scale.
Rotating ball abrasion tests and crater analysis
From the diameters of the craters generated in the wear tests for the sediment concentrations analyzed, the coefficient of wear (K) was calculated from Eq. (37).
To analyze the relationship of K as a function of the concentration of sediment in the abrasive suspension, for each of the analyzed materials, logarithmic curves were drawn (Figure 14) . The values of K at the concentration of 0.5 g L À1 were calculated by the curve equation, generated experimentally for the concentrations of 1, 2, 3, 5, and 10 g L À1 . Thus, it was observed that K increased as a function of the increase of the sediment concentration, for FN = 3N, probably due to the higher amount of abrasive particles in contact between the sample and the sphere, resulting in higher wear [9, 10, 21, [29] [30] [31] [32] .
It is also observed that the increase of K does not present a linear proportion with the increase of the concentration, considering that not all the particles of the abrasive suspension can come into contact with the worn surface, corroborating with that described by Hutchings and Shipway [33] . Figure 13 . Classified morphology of the erosive sediments present in the waters of the Acre River, collected from the WTS II degrading tank. Figure 14 .
Behavior of the specific wear coefficient (K) due to the sediment concentration variation, for the test conditions (S = 180 m and FN = 3N) . Figure 15 shows the wear evolution due to the sediment concentration, as well as the difference in crater diameter, for each test specimen used. At the outset, it is possible to observe the presence of wear grooves characteristic of abrasive tests. From what is shown in Figure 16 , it can be observed that the wear pattern did not change as a function of the sediment concentration, maintaining the wear pattern by grooving for the three metal alloys, with a clear orientation. These results also reflect features similar to the wear pattern found by Cozza [34] and Serrano et al. [9] , referring to concentrations of abrasive less than 18% and a load greater than 1N.
In addition, it is observed in Figures 15 and 16 that the GCI and NCI specimens presented areas with clear plastic deformations (A), with intensification as a function of the increase in sediment concentration, with a clear accumulation of material at the front of the wear grooves and with greater intensity of deformation in the GCI. The materials accumulated at the edges of the grooves are later removed by the association of the microstructural mechanisms with the mechanism of low cycle fatigue (B), similar to that observed by Serrano et al. and Pintaúde [9, 10, 31] .
The average volume of waste material caused by the sediment was 340% higher, compared to the wear caused by the SiC. The results can be explained by the granulometric difference of the abrasive materials, where the sediment particles presented D50 six times larger than the SiC particles, 0.097 and 0.016 mm, respectively. Considering the homogeneity of SiC hardness and grain size, it will allow the comparison of the wear intensity caused by sediments from different river basins [9] .
Determination of blade wear
Considering the relative velocities at the inlet and outlet of the impeller (Figure 11) , the variation of FD on the blades (Figure 12 ) and the variation of K as a function of the sediment load ( Figure 14) were applied to Eq. (38) to estimate the paddle wear volume, due to the variation of the sediment load and the monthly mean level of the Acre River ( Figure 17) .
As shown in Figure 17 , the nonapplication of the rotational control of the machine, taking advantage of the reduction of the ΔH as a function of the increase of the river's elevation, can lead to premature wear of the impeller due to the increase of the sediment concentration carried by river, the during the rainy season. In the case of the study presented here, when applying rotational control, the relative velocity of the fluid decreased, reducing the FD on the impeller blades, also reducing the wear.
When looking at the wear accumulated in Figure 17 and considering the wear limit at 70% of the thickness of the impeller blades, it can be concluded that without the rotational control, it would require two GCI impellers per year or one NCI impeller, while the SAE 8620 steel impeller could run for almost 3 years. Already with the rotational control, this wear can be reduced by approximately 33%.
Also in Figure 17 , the higher resistance of SAE 8620 steel can be verified, being 7.3 times more resistant than GCI and 3.5 times more resistant than NCI, whereas NCI is 2 times more resistant than the GCI.
Conclusions
The abrasive wear regime and the reproducibility of the results under the test conditions in the present work were adequate to investigate the abrasive capacity of the sediments and the wear of GCI, NCI, and ASE 8620 steel.
The semiangle and semirounded forms of the Acre River sediments produced evidence of microstrip and plastic deformation of the material in the three metal alloys at all sediment concentrations used in the tests.
The analysis of the wear volume, according to the type of metal alloy, the sediment concentration, and the relative velocity in the impeller blades, showed the importance of a previous study of the sediment concentration in the water sources pumped by GWES, as well as ΔH and the required flow rate, to select the material used to make the impeller.
The analysis of the variation of the impeller rotation as a function of the river level variation and the variation of the head (ΔH) showed the possibility of reducing the impeller wear by up to 30% in a hydrological cycle for the three metal alloys used in the tests, showing the importance of rotational control during the pumping process.
Considering that the three metal alloys presented the same percentages of wear reduction as a function of the rotational control, maintaining the same volume of water pumped, it is suggested that such control can be adopted in GWES from other locations that show load variation of sediment and fluviometric dimension. 
